Ventricular repolarization significantly influences contractility, refractoriness, and ion channel state.
number of currents contribute to action potential repolarization, the presence of which are species, tissue, and perhaps age specific. In canine myocardium, the voltage-activated transient outward current (Itol) and the delayed rectifying outward current are held primarily responsible for repolarizationl '2; therefore, any age-dependent differences in these currents may influence overall cardiac function. Ito, has been recorded in atrial, ventricular, and nodal preparations. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Interestingly, a large 'tol is present in cells isolated from canine and feline ventricular epicardium, whereas endocardial cells isolated from these animals have a greatly reduced or absent ltol.2 9 Activation of Itol, in the tissues listed above, is reflected in a large phase 1 of repolarization, which contributes to the characteristic "spike-and-dome" action potential plateau morphology. Ventricular cells that lack Ito1 also lack a pronounced phase 1 and are characterized by a more depolarized and rounded action potential plateau.213 Although the kinetics of It1 vary among species, the characteristic voltage-dependent activation, voltageand time-dependent decay, interval dependence, and sensitivity to 4-aminopyridine (Figure 1 ), and the mean values for each interval in each age group were determined. The JT interval was calculated as the QT duration minus the QRS duration and includes the ST interval and T wave. To meaningfully compare agerelated differences in the time course of ventricular repolarization,19 QT and JT intervals were corrected for heart rate (QTc and JTc, respectively) by use of the formula described by Bazett20 and defined as QTc=QT/\RR (1) where QT and RR are the measured values expressed in seconds.2122 Bazett's formula was originally shown to apply to children as well as adults. 20 Corrected intervals were averaged to obtain the mean value for each age group, and comparisons were made using the mean Nevertheless, we reasoned that the concordance of changes in repolarization in ECG with those in the action potential and ionic currents would imply an association among the three.
Multicellular Preparations
Dogs were anesthetized with 30 mg/kg pentobarbital sodium intravenously (adult and young dogs) or intraperitoneally (neonatal dogs). The heart was rapidly removed via a lateral thoracotomy (adult dogs) or median sternotomy (young and neonatal dogs) and placed in cool Tyrode's solution containing (mM) NaCl 131, NaHCO3 18, KCl 4, NaH2PO4 1.8, CaCl2 2.7, MgCl2 0.5, and dextrose 5.5. A section of left ventricular epicardium (1-2 mm thick), located half of the way from the apex to the base and just right of the left anterior descending coronary artery, was then carefully removed with a scalpel blade. For studies of the action potential, tissues with a final dimension of 5 x 2 mm were first placed into a Lucite bath, epicardial side up, and then allowed to equilibrate for at least 1 hour while being 
Electrophysiology of Epicardial Myocytes
A few drops of the cell suspension were placed on a poly-L-lysine-coated glass coverslip, fit into the bottom of a 0.80-ml Lucite tissue bath, and mounted on the stage of an inverted microscope (Nikon Diaphot-TMD, Nikon Instruments, Tokyo). Cells were left to adhere to the coverslip for 5 minutes before superfusion with experimental solutions at a flow rate of 2 ml/min. A 1,01 was defined from tracings of the 4-AP-sensitive difference current. This method of measurement reduced potential error due to overlapping background currents,2,7'13,26 although 4-AP block of TTX-insensitive inward currents may cause slight underestimation of , amplitude.13 In our experiments, the amplitude of 1,,l was measured as the difference between the peak of the 4-AP-sensitive current and the current at the end of the clamp step. Time to peak of the 4-AP-sensitive current was measured as the time from the beginning of the depolarizing clamp step to the peak of the difference current. The time course of decay of the 4-AP-sensitive current was determined by fitting the decay from the peak to 100 msec after the peak, using CLAMPFIT, version 5.5.
The outward current found in some neonatal myocytes was insensitive to 4-AP (see "Results") and could not be analyzed as a difference current. Therefore, the peak of the neonatal current was measured as the difference between the peak current and the holding current level, or baseline. The amount of current decay during a maintained clamp step was measured as percentage of the peak current remaining at a given time after the peak. For the adult 1,11, the time course of decay of the 4-AP-sensitive transient outward current was best described by the single exponential function. This is in agreement with the equations used to Figure 2 . Mean action potential characteristics are presented in Table 2 . Figure 3A indicates the points at which the action potential measurements were made. As for the ECG recordings, the largest differences in action potential repolarization are seen when comparing potentials of neonates to adults ( Figure 3B ). Since the occurrence of phase 1 repolarization and the spike-and-dome morphology in adult epicardial fibers is characteristic of the presence of 1tol ,1,9,13,30 our data suggested that neonatal fibers might lack this current. Therefore, we superfused tissue sections with 4-AP (2 mM), a known blocker of tol*2 As shown in Table 3 , 4-AP significantly increased the action potential overshoot and phase 1 amplitude in fibers from animals aged 64 days through adult. Furthermore, 2 mM 4-AP resulted in a significant but reversible increase in both APD50 and APD90 in the 64-68-day-old and adult epicardium. In marked contrast, there were no significant changes in any potential characteristics produced by superfusion of 2 mM 4-AP in neonatal through 61-day-old fibers.
A separate group of tissues were paced at a BCL of 300 msec to further explore developmental differences in repolarization. As previously reported, rapid pacing results in a decreased APD in both adult and neonatal fibers.23 However, the effect of rapid pacing on the action potential plateau proved to be different between the age groups. Pacing the adult epicardium at a BCL of 300 msec produced a significant increase in phase 1 amplitude (from 4±1 mV at a BCL of 1,300 msec to 11 ± 1 mV at a BCL of 300 msec, n =8) and a significant decrease in OS-P1 (9+2 mV at a BCL of 1,300 msec to 4±1 mV at a BCL of 300 msec), resulting in a reduction of the spike-and-dome-shaped plateau. Pacing neonatal epicardial fibers (n =8) at a BCL of 300 msec resulted in no change in action potential plateau parameters. These findings further suggest that the presence of ratedependent 'tot in adult tissue and its absence in neonatal tissue may contribute to differences in repolarization. This Figure 4 . Action potentials recorded from single adult myocytes differ from those recorded from adult fibers for all characteristics except maximum diastolic potential (Table 4 ). In particular, the adult myocyte action potential has a more pronounced spikeand-dome-shaped plateau and a significantly longer duration. The potentials recorded from neonatal myocytes have a significantly larger overshoot and thus OS-Pl compared with potentials recorded from neonatal fibers. Despite this, a spike-and-dome-shaped plateau did not become apparent in the dissociated neonatal myocyte (Figure 4) . As for adults, potentials recorded from neonatal myocytes were longer in duration compared with the potentials of fibers. Regardless of the changes due to the type of preparation, potentials recorded from both adult and neonatal myocytes confirm that age-related differences seen in repolarization (e.g., overshoot, phase 1 amplitude, OS-Pl, and APD9O) of intact tissue are conserved at the single-cell level (Table 4) .
Transient Outward Current
In all adult myocytes (n = 27), ,tol could be recorded during clamp steps to various test voltages. The I,,,, as characterized below, is similar to that previously reported.2,t3 The 4-AP-sensitive current in adult cells, Itot, is characterized by rapid activation and decay during depolarized clamp steps ( Figure 5) . The threshold for current activation was between -30 and -20 mV ( Figure 5A ). Peak currents elicited with less depolar- (Figure 6A ), the currents recorded in the presence of 4-AP, TTX, and manganese ( Figure  6C ) were subtracted from the currents recorded in the absence of 4-AP ( Figure 6B) ; a 4-AP-sensitive transient outward current was not revealed ( Figure 6E ). Additional experiments were performed in the 63 neonatal cells studies by use of various holding potentials (Vh, from -80 to -40 mV), Vt (to +120 mV), clamp intervals (3-20 seconds), clamp durations (200-10,000 msec), and temperatures (300 and 37°C) in an effort to reveal an adult-type Ito. All efforts were unsuccessful. Therefore, it appears that neonatal canine epicardial myocytes do not exhibit a 4-AP-sensitive ,tol similar to that found in 100% of the adult epicardial myocytes. This conclusion is consistent with the lack of both phase 1 repolarization and a spike-and-dome-shaped action potential plateau in the neonatal myocyte and fiber. Neonatal Outward Current A rapidly activating, slowly decaying outward current was observed in 23% (17 of 75) of all neonatal cells studied ( Figure 7A ). A similar current was never observed in adult myocytes (n=76). The presence of this current could not statistically be correlated with strain, sex, or specific neonatal age (between 1 and 14 days) of the heart from which it was disaggregated. An analysis of this outward current, unique to neonatal cells, and its similarity to other outward currents are reported in the following paragraphs.
To determine the peak current-voltage relation of the neonatal current, the membrane was clamped to various Vt from a Vh of -80 mV using the same protocol as described previously for the adult Ito,. The neonatal current has a sigmoidal onset of activation ( Figure 7C ) and rises quickly to a peak (data not shown). However, unlike the ',ot, the neonatal current does not rapidly decay to baseline during maintained depolarization ( Figures 7A, 7D, and 7E) . In neonatal cells, the peak density of the outward current increases with increasing Vt, much like the adult 1,ot. In fact, the density of the peak neonatal current is not significantly different from the peak density of the adult Itot at any Vt ( Figure 7B ).
In contrast, density of the outward current at the end of the clamp step in adult cells is significantly less than the density of the neonatal current at a similar time point, for all levels of V, tested. Furthermore, density of neonatal currents at the end of the clamp step do not differ from the peak density of neonatal currents at any V, (Figure 7B ), confirming that decay of the neonatal current is less rapid and less complete as compared with decay of 'tot during maintained clamp steps.
One characteristic of the adult Itot is its frequency dependence, or inability to recover quickly after activation2, 8'10,12,26,31-33; thus, the interval dependence of 'tot in the adult cells was compared with the interval dependence of this distinct neonatal outward current. An increase in the frequency of clamp steps resulted in a pronounced reduction of the adult peak current and little or no change in the neonatal peak current ( Figure  8B ). Note that the neonatal difference current ( Figure  8C ) is of low amplitude (range, 20-75 pA), reaches a peak rapidly, and slowly decays during the clamp step. This type of difference current was observed in only four of 10 neonatal cells. On average, the difference current density in the neonatal cells was significantly less than the density of the neonatal current recorded at a BCL of 3,000 msec, confirming the lack of interval dependence.
The neonatal current also differed from the adult ,tol in its sensitivity to 4-AP (Figure 9 ). There was no significant decrease in mean peak neonatal current Figure 9C ). The difference current varied among these cells, reaching a peak current amplitude of 23-109 pA (2-6 pA/pF) in 17-45 msec after the start of depolarization. 4-AP did not abolish the outward current in any neonatal cell. Therefore, the neonatal current cannot be classified as a "4-AP-sensitive" outward current, in contrast to the Itot described in adult cells. 
. Specifically, at a depolarized clamp step (Vt= +50 mV), the adult 1,,l mean peak density was 24±4 pA/pF when Vh was -80 mV and 5±0.4 pA/pF when Vh was -40 mV. Unlike the adult current, the amplitude of the neonatal current is not affected by Vh ( Figure 10 ); e.g., at V, of +50 mV, the current is 28±10 pA/pF when Vh is -80 mV and the current is 25±8 pA/pF when Vh is -40 mV.
Discussion
Our experiments demonstrate that there are agerelated differences in ventricular repolarization manifested on the ECG, the epicardial action potential, and repolarizing currents. In fact, one of the major repolarizing currents occurring in adult epicardial cells is lacking in neonatal cells. In addition, a unique outward current was recorded from neonatal epicardial myocytes, suggesting an altered expression of ion channels with development. Electrocardiograms
The ECGs reported here had mean durations of P, PR, QRS, and QT intervals and complexes that were within the range reported in previous studies of dogs and humans.34-36 Our results clearly indicate that, when differences in heart rate are accounted for, the neonates and 57-58 day-old animals require a greater amount of time for complete ventricular repolarization than do adults. The lack of significant differences in QT, and JTc among the 60-68-day-old and adult dogs suggests that developmental maturation of repolarization may be completed by the 60th postnatal day.
Major factors influencing the duration and polarity of ECG intervals and complexes that could contribute to the changes observed in QT, and JT, with age include the mass of cardiac tissue that is activated, the pattern of activation of the cardiac chambers, and properties of the underlying action potentials.37'38 More specifically, in chambers of small mass the amount of tissue excited would be smaller; the distance the wave front travels would be less; and if mature conduction pathways exist, the ECG complexes would be expected to have shorter total duration as compared with recordings from large chambers. An age-related difference in the pattern of ventricular activation could likewise contribute to differences observed in QT and JT durations and morphologies. Body surface maps of cardiac activity suggest a right ventricular dominance of activation in hearts of human infants, which is different from the left ventricular dominance of older human hearts.38-40 Difference in ventricular dominance causes a shift in mean ECG vectors and may contribute to some of the developmental differences observed in canine ECGs. Finally, developmental differences in the ECG descriptors of repolarization may be due to a summation of changes occurring in the underlying action potentials. A rigorous analysis of all factors contributing to the observed changes in ECG intervals are beyond the scope of this study. We concentrated our attention on differences in 
Recordings From Multicellular Preparations
Differences in the repolarization of epicardium and endocardium are well documented in adult canine ventricle.10334' Action potentials recorded from fetal ADULT canine ventricle42 are characteristically similar to those recorded from adult canine endocardium.10 Thus, repolarization in ventricular endocardium does not appear to change dramatically with development. In contrast, repolarization of canine epicardium changes with age. Therefore, we focused on determining the age-related differences in action potential repolarization of epicardial tissue.
Values for maximum diastolic potential and Vmax of the adult action potentials from our experiments do not differ from values reported for action potentials recorded from other canine epicardial preparations.10,33,4' Although the values we report for adult APD are somewhat less than those reported for right ventricular epicardium at a BCL of 2,000 msec,10,33 they are within the range reported in a study of left ventricular epicardium at a BCL of 1,300 msec.43 APD is influenced by time of tissue equilibration, temperature, superfusate composition, potassium accumulation, and site of the tissue,4445 variables that make it difficult to compare APD among studies. Because of these inconsistencies, the important factor in a study such as ours is that, under identical experimental conditions, there is a difference in APD among age groups.
Phase 1 repolarization in our adult action potential recordings is similar to that reported for adult canine and feline epicardium.10,30,33,41 Interestingly, the phase 1 repolarization in adult epicardium, and lack thereof in neonatal epicardium (Figure 2) , is strikingly similar to the differences between epicardial and endocardial action potentials seen in other preparations of adult tissue.9,10,3041,46 In fact, the plateau parameters reported for canine endocardium'0 are similar to the plateau parameters we report for neonatal epicardium (Table  2 ). It is believed that differences in phase 1 repolarization between adult epicardial and endocardial fibers and myocytes are primarily due to the presence of ,tol in the epicardium and absence of the current in the endocardium. 9 Thus, a developmental increase in I,, may play a role in the appearance of phase 1 repolarization with age ( Figure 2 Adult and neonatal myocytes retained a well-polarized maximum diastolic potential after dissociation, which did not differ significantly from values recorded in the respective multicellular preparations. However, both the adult and neonatal myocytes had significantly increased OS-Pl and APD values as compared with the multicellular preparations. The increased OS-P1 in neonatal myocytes was not due to the appearance of rapid phase 1 repolarization but rather to an increase in the action potential plateau slope, which became apparent after dissociation. Importantly, there was no change in the age-related presence of phase 1 repolarization in epicardial myocytes after the cell dissociation procedure. All action potentials recorded from adult epicardial myocytes demonstrated a large phase 1 repolarization (see also Reference 13), and potentials from neonatal epicardial myocytes did not. Therefore, the cell dissociation procedure itself does not result in loss or appearance of the spike-and-dome plateau morphology. Transient Outward Current Transient outward currents recorded from adult epicardial myocytes in our experiments were voltage dependent and Ca2' independent and had a linear current density-voltage relation and a rapid time to peak; these characteristics are similar to those reported previously for canine 1to1.2,13 It should be noted that complete elimination of contaminating inward currents was not achieved in some of our experiments. Because the focus of this study was on differences between adult and neonatal cells, it was essential to use the same solutions for both preparations. Thus, physiological sodium containing solutions along with multiple ion channel blockers were chosen for all recordings to ensure the viability of neonatal cells (as discussed below).
Therefore, the presence of ,tot in our preparation of adult epicardial myocytes is consistent with both the presence of a large phase 1 repolarization and the 4-AP effects that were observed in action potential recordings from adult epicardial tissue. In this study, using similar protocols, we never observed a measurable 4-AP-sensitive Ito1 in the neonatal myocyte. Lack of a recordable 4-AP difference current in the neonatal myocyte may have been due to an age-related difference in reactivation characteristics of 1,01, resulting in the inability to record the current with the clamp interval protocol used. Studies of action potentials recorded from human atrial tissue suggest that there is an age-related delay in reactivation of the 'tot1.5 Because of this, protocols at various clamp intervals, ranging from 1 to 20 seconds, were used in neonatal cells in an effort to observe 1,01.
All efforts were unsuccessful.
One might argue that Itot was not recorded in the neonatal myocytes because its activation and inactivation kinetics were too rapid to enable its isolation from tracings of total membrane current. However, no currents were revealed in the 4-AP difference current tracings, suggesting that not even an extremely rapid Itot is present in the neonatal myocytes. It is possible that the neonatal Ito, is very rapid and also insensitive to 4-AP, thus preventing its appearance in the 4-AP difference current tracings. However, studies of the effects of 4-AP on preparations of rat ventricle53 and human atria51 suggest that sensitivity to 4-AP is present as soon as a rapidly decaying Itot can be observed. Alternatively, because residual inward currents persisted in the continued presence of TTX and manganese ( Figure 6 ), there may have been difficulty in identifying very small 4-AP-sensitive currents using our difference current approach. Nevertheless, if the density of transient outward currents in neonatal myocytes were on the order of the density of 4-AP-sensitive currents in adult cells, we should have readily resolved these transient currents (150-200 pA at positive Vt).
Others have reported that a developmental increase in the amplitude of Itot is contributed to by increased selectivity of the channel for K' ions.53 Although reversal potentials were not determined in our study, various levels of Vh and Vt were used to increase the likelihood of recording an Itot if such a current were present in the canine neonatal myocyte.
It is possible that lack of Itot in neonatal myocytes is secondary to damage done to the channel during the dissociation procedure. However, this explanation is unlikely, since TTX-and manganese-sensitive inward currents were apparent in these neonatal myocytes, even though Itot was not, indicating that channels in the cell membrane were not damaged by the dissociation procedure. Finally, the lack of phase 1 repolarization as well as the 4-AP insensitivity in action potentials recorded from neonatal epicardial fibers is consistent with the finding that It,, is absent in the myocyte.
Characteristics of the Neonatal Outward Current
In response to depolarizing clamp steps, a unique outward current was recorded in 23% of the neonatal epicardial myocytes. Unlike the adult 1J" ,2. Although experiments to determine the charge carrier of this neonatal outward current were not performed, a number of factors suggest that the charge carrier is predominantly potassium. The solutions used in the voltage-clamp experiments were specifically selected to isolate potassium currents, and the current shows similarities to other cardiac potassium currents in time dependence, voltage dependence, and sigmoidal onset of activation. In addition, the neonatal current is strikingly similar to both a human potassium channel clone recently expressed in murine LtK cells56 and a unique potassium current in rat atrial cells. 57 Another ion that could carry outward current, with depolarizing steps, is chloride. Although it is impossible to rule out from our experiments, we believe it unlikely that the chloride ion is the charge carrier. A chloride current (Ic') with characteristics similar to the neonatal current has never been described in cardiac prepara- tions. An lc, that is ubiquitous in the heart is isoproterenol activated and time independent,58,59 characteristics that make it unlikely to be the observed neonatal outward current. Recently, a Ca2+-activated Icl, similar to the calcium-activated transient outward current, has been described in ventricular myocytes.60 However, care was taken in the experiments using neonatal epicardial myocytes to block Ca2-activated currents (2 mM manganese, 10 mM EGTA, and no isoproterenol), making it unlikely that the Ca2+-activated lc, was recorded.
A final possibility is that the outward current described here actually reflects two or more superimposed currents, e.g., a steady time-independent outward current in the presence of a slowly increasing inward current. The superimposed currents would have to be voltage activated, temperature dependent, and not blocked by TTX, manganese, 4-AP, or ATP. A TTX-insensitive inward current superimposed on a time-independent 1,' is one possibility.
However, the inward current would have to increase in amplitude as V, increased to account for the observed voltage-dependent current decay, an unlikely situation because of the less depolarized reversal potentials of inward currents. Therefore, it is most likely that the neonatal outward current is largely carried by a single ion, namely the potassium ion.
Physiological Significance of the Neonatal Outward Current
It is not yet understood what role the neonatal current plays in repolarization. It seems likely that a sustained current of such large amplitude would reduce the APD of neonatal epicardial cells. However, action potentials recorded from neonatal myocytes and fibers had long durations. In recording action potentials from four myocytes, there was a 35% chance (0.774) that action potentials with short durations were overlooked. However, there was only a 0.5% chance (0.7720) of overlooking a short duration action potential in recordings made from epicardial fibers (n=20). In other words, based on the number and homogeneity of fibers studied, there is a very low probability that neonatal action potentials having short durations were present in the tissue and missed in this study. It is possible that the homogeneity of action potentials recorded from fibers may be due to electrotonic coupling among cells,61 the majority of which had long APDs. Therefore, although myocytes having shorter APDs may be present, the influence they have on repolarization of the intact tissue is unclear.
An outward current, distinct from both 'tol and the delayed rectifier potassium current, was recently observed in myocytes isolated from adult rat atria.57 The kinetic properties of this atrial current are remarkably similar to our neonatal outward currents and to several cloned potassium channel currents. 62 The atrial K' current is voltage dependent, is characterized by rapid activation, and shows little decay during a sustained clamp step.57 However, unlike the canine neonatal current, 1-5 mM 4-AP produces open channel block of the outward current in rat atrial myocytes. 57 In conclusion, using ECG, multicellular, and singlecell recordings, we have shown that age-related changes occur in the voltage-time course of canine ventricular repolarization. Neonates and 57-58-day-old animals have a longer, more depolarized voltage-time course of repolarization when compared with adults. Our studies suggest that an absence of adult-type 'tot in the youngest animals contributes to these differences in repolarization. Additional differences in the currents responsible for repolarization are suggested by the presence of a unique outward current in the neonatal cells. Age-related appearance of outward currents may contribute to developmental differences
